A binary embedded-atom method (EAM) potential is optimized for Cu on Ag(111) by fitting to ab initio data. The fitting database consists of DFT calculations of Cu monomers and dimers on Ag(111), specifically their relative energies, adatom heights, and dimer separations. We start from the Mishin Cu-Ag EAM potential and first modify the Cu-Ag pair potential to match the FCC/HCP site energy difference then include Cu-Cu pair potential optimization for the entire database. The optimized EAM potential reproduce DFT monomer and dimer relative energies and geometries correctly. In trimer calculations, the potential produces the DFT relative energy between FCC and HCP trimers, though a different ground state is predicted. We use the optimized potential to calculate diffusion barriers for Cu monomers, dimers, and trimers. The predicted monomer barrier is the same as DFT, while experimental barriers for monomers and dimers are both lower than predicted here. We attribute the difference with experiment to the overestimation of surface adsorption energies by DFT and a simple correction is presented. Our results show that the optimized Cu-Ag EAM can be applied in the study of larger Cu islands on Ag(111).
I. INTRODUCTION
Knowledge of the surface diffusion dynamics for small atom clusters is critical to understanding heteroepitaxial thin film growth. While numerous experiments 1, 2, 3, 4 and computer simulations 5, 6, 7, 8 have studied homogeneous systems, less is known about lattice mismatched heterogeneous systems 9, 10, 11 and their interesting diffusion kinetics. In this study, we consider Cu on Ag(111), 12 a system with a lattice mismatch of 12%. 13 The lattice mismatch induces strain in both the island and substrate and has been predicted to promote rapid diffusion. 14 To accurately compute the energetics of surface island systems, first principle densityfunctional theory (DFT) calculations are preferred to empirical potentials. However, DFT methods are too computationally intensive to efficiently search the phase space of each island and accurate classical potentials are needed to characterize island diffusional dynamics. The embedded atom method 15 (EAM) is well suited for metallic systems combining pair interactions with an atomic embedding energy term dependent on the local "electron density." Table I shows that other EAM potentials were unable to reproduce DFT calculated Cu island energies and geometries on Ag(111), motivating the search for a new potential.
We optimize a new EAM potential for Cu on Ag(111) using monomer and dimer data. Section II explains the DFT and EAM calculation parameters in detail. Section III presents the procedure for the potential optimization. The energetics and diffusion results from the new EAM for monomers, dimers, and trimers are reported in Section IV. We justify the new potential for the study of small Cu islands on Ag(111) surface by comparing the calculated results to experimental
and DFT values in Section V.
II. COMPUTATIONAL DETAILS
The density-functional theory calculations are performed with vasp, 16,17 a density-functional code using a plane-wave basis and ultrasoft Vanderbilt-type pseudopotentials. 18, 19 The local- EAM energy values were computed with the lammps molecular dynamics package. 21 The monomer and dimer results in Table I are obtained using a periodic 3×3 cell of 6 (111) planes.
The trimers are calculated with 4×4 periodic cells. Results presented in section IV are from 6×6 periodic cells, where our potential predicts a finite-size effect of less than 5meV compared to the 3×3 cell. Transition energy barriers are determined with nudged elastic band 22 calculations after initial and final states have been found through molecular dynamics or the dimer search method. 23 Attempt frequency prefactors are computed with the Vineyard formula, 24 taking the ratio between the product of harmonic vibrational frequencies at the initial state and the saddle point.
III. OPTIMIZATION PROCEDURE
In EAM, the total energy of the system is given by
where φ i j (r i j ) is the pair potential interaction between atoms i and j separated by a distance of r i j and F i (ρ i,tot ) is embedding energy of atom i in the superposition of atomic electron densities ρ j (r i j ).
The Mishin CuAg binary EAM potential 25, 26 is described by seven functions: φ CuCu (r), φ AgAg (r), Fig. 2 . The final optimized EAM potential deviates between 3Å-5Å with a maximum deviation of 0.15eV/Å with respect to the DFT calculated forces.
In Fig. 1 the DFT force of a Cu atom evaporating from a perfect (unrelaxed) Ag(111) surface is plotted, and is used in addition to the database. Starting from a height of stronger binding of Cu to the Ag surface than the Mishin EAM. Also plotted in Fig. 1 is the force calculated with our optimized EAM, which captures the deeper and wider well of DFT forces. 
where φ The force-matched φ CuAg (r) is refined by fitting to the monomer and dimer database. The forcematched φ CuAg (r) has inaccurate energies for monomers and dimers, with the HCP site 4meV below the FCC site. Modifying φ CuCu (r) does not affect monomer energies, and we find that the dimer energy difference between FF and HH changes by less than 5meV with the φ CuCu (r) modifications we present later. We optimize the Cu-Ag pair potential with respect to monomer and homogeneous dimer site energy differences as the next step. We reduce the interaction range to 6Å by shifting the potential up by φ(5.75Å) and using quartic splines from 5Å to 6Å. The quartic splines have two equal spaced knots within the interval and matches the value, first and second derivatives at 5Å, and at 6Å goes to zero with zero slope and zero second derivative. To differentiate between FCC and HCP sites, we modify the Cu-Ag interaction in the range of the second and third nearest neighbors for a Cu atom on the surface by adding a cubic spline, with knots at 3.5Å, 4Å, 4.5Å, 5Å, and fixed end points at 3Å and 6Å. We generate (2×5+1) 4 = 14641 possible potentials with different values at each knot point in steps of ±20meV; optimization continues using narrower ranges down to ±1meV. For each sweep, we select potentials with the smallest rms monomer and homogeneous dimer energy errors while also selecting for quantitatively low rms Cu height errors and potentials without multiple minimums. In Fig. 2 , this optimized φ CuAg (r) exhibits a wider well than the force-matched pair potential. translation reproduces all relative energy differences with a final 0.5meV range optimization of the φ CuAg (r). We found during optimization that although it was possible to obtain 0.012Å rms dimer separation error or 0.5meV rms energy error, these two errors grew opposite one another.
We selected for lower energy error at the expense of geometric agreement.
Thus, our optimization procedure with respect to DFT Cu monomers and dimers follows: (1) modify the φ CuAg (r) to match the force of an evaporating Cu atom from Ag (111) Fig. 2 , and φ CuCu (r) in Fig. 3 .
In Table I with a 93meV barrier and the 79meV barrier H→F transition. The F→H barrier is higher than the experimental value of 65±9meV, 12 but matches our DFT calculations for the bridging site with an energy difference of 96meV. DFT is known to overestimate surface adsorption, 28 and we discuss strategies to compensate in Section V. The agreement with DFT is a confirmation of our potential since the bridging site energy is not part of the optimization database. We construct analytical expressions for the diffusion constants of monomers, dimers, and trimers using the calculated transition barriers and attempt frequencies. The rate of jumping from a F site to a particular H site is r FH = ν F→H exp (−E a (F → H)/k B T ) where E a (F → H) and ν F→H are the energy barrier and the attempt frequency for the F to H transition. Then a monomer moving from one F to a new F site through an H site at temperature T occurs with mean wait time of
including the three equivalent hopping sites for each monomer transition, and with a correlation factor of 3 2 for monomer transitions to the original site. The Einstein diffusion relation, D = For both the dimer and trimer case, the diffusion system becomes complex and we use the continuous-time random walk formalism developed by Shlesinger and Landman. 29 The diffusion constant for the dimer is computed numerically and plotted in Fig. 7 , while the diffusion constant for the trimer is given by ) .
In Fig. 7 , the analytical rates from above have been plotted as diffusion coefficients against temperature along with experimental data from [12] for the monomer and dimer. The experimental barriers, 65±9meV and 73meV for monomer and dimer are both lower than our calculated values, though no error bar is given for the dimer experimental barrier. The rate limiting barriers as T→0K
are calculated using data at T<20K. The rate limiting barriers, 93meV, 88meV, and 289meV, correspond to the rate-limiting transition barriers identified above for the monomer, dimer, and trimer. monomer, dimer, trimer, and DFT corrected trimer at low (top) and high (bottom) temperatures. The Arrhenius fit, in the T→0K limit, for the monomer, dimer, and trimer systems reflects the rate-limiting diffusion barriers 93meV, 88meV, and 289meV respectively. The DFT corrected trimer is calculated by adjusting the trimer diffusion barriers to match DFT energy differences and keeping the same prefactors. The experimental monomer barrier is 65±9meV from data in the temperature range 19K-25K. The experimental dimer barrier is 73meV from data at 24K assuming a prefactor of 1THz.
V. DISCUSSION
The Cu monomer is the basic unit for Cu islands on Ag(111), and the correct extrapolation of monomer energies and barriers to dimers and trimers indicates the optimized potential is consistent with DFT. For the monomer, the site energy difference between FCC and HCP is 14meV, twice the difference is seen between the homogeneous dimers FF and HH at 26meV, and two to three times the difference in the rot and non trimer pairs at 33meV and 45meV. The diffusion barriers for the trimer are also three times that of the monomer 289meV versus 93meV and 247meV versus 79meV. This linear relationship is explained by the fact that in the trimer diffusional transitions, all three atoms move simultaneously over each of their respective bridging sites, thus the trimer as a whole experiences a barrier three times as large. In the dimer system, diffusion moves one atom at a time and the barrier is comparable to that of the monomer.
EAM produces higher diffusion barriers for monomer and dimer than in experiment, 12 but
gives diffusion barriers that match DFT. This effect is consistent with the observed overestimation of surface adsorption energy by DFT calculations. 28 Compared to experiments for monomer and dimer, the barriers are overestimated by approximately 10 to 15meV. Since diffusion for both the monomer and dimer proceeds one Cu atom at a time, we expect the bridging site between F and H to be overestimated by 15meV. For general diffusion barriers, a 15meV reduction should be applied for each concurrent Cu atom in the transition when comparing to experiment. For example, a three-fold reduction of 45meV will need to be applied to the trimer diffusion barriers.
Trimers were not included in our optimization database and calculations in DFT and the optimized EAM differ when looking at the energetics between rot and non trimers. DFT calculates that the two non trimers are 25meV lower in energy than predicted by our optimized EAM, making the ground state trimer configuration F 3 non rather than F 3 rot . We expect the deviation to be mainly caused by the center Ag atom under the rot trimer, whose embedded "electron density" is 16%
higher than an Ag atom in the bulk. This density is beyond the range present in the monomer and dimer database. Modifying the embedding function, as done in surface embedded-atom method (SEAM) 30, 31 may offset this effect by penalizing densities away from the bulk value. Although the relative energy between rot and non trimers are not correct, the optimized EAM correctly predicts the energy difference between F three times that of the monomer even with the change in ground state. A new estimate of trimer diffusion can be computed by splitting the 25meV energy difference between forward and reverse diffusion barriers, e.g. lower the rot to non barrier by 12.5meV and raising the non to rot by 12.5meV. This change does not affect the transition paths and therefore does not change the overall diffusional dynamics of the trimer system, increasing the rate limiting barrier to 292meV from 289meV (c.f. Fig. 7 ). Applying the 45meV over-adsorption correction gives a barrier of 247meV
for trimer diffusion to compare with experiment.
VI. CONCLUSION
We present a method to optimize an EAM potential for heterogeneous surface system using ab initio data. The optimized EAM potential reproduces DFT energies for Cu monomers, dimers, and trimers on Ag(111). Diffusion barriers for monomers, dimers, and trimers are calculated to be 93meV, 88meV, and 289meV, which match available DFT data, but exceed experimental values. To correct for the overestimated barriers, a 15meV reduction is applied for each concurrently transitioning Cu atom. We found a 25meV energy discrepancy between rot and non trimers when compared with DFT. This discrepancy is not worse for larger islands due to correct energy difference between F-trimers and H-trimers calculated by the potential compared with DFT. We expect the new EAM potential to accurately describe the diffusion and energetics of larger Cu islands on Ag(111).
